Objectives: To compare the effect of nebulized racemic epinephrine to nebulized racemic albuterol on successful discharge from the emergency department (ED).
B
ronchiolitis is a common childhood disease. It is a leading cause of hospitalization worldwide and accounts for substantial morbidity and a mortality of less than 1%. 1, 2 Between 1980 and 1996, annual infant hospitalization rates for bronchiolitis doubled to 34 per 1,000, while rates for other lower respiratory tract diseases remained stable. 3 In 2002, bronchiolitis resulted in 149,000 hospital admissions and annual costs of $543 million in the United States. 4 Bronchodilator therapy in bronchiolitis is controversial. Although commonly used, 5 its efficacy is not universally accepted. Small studies [6] [7] [8] [9] and systematic reviews have shown small, short-term improvement in clinical scores in outpatient use of albuterol. 10 There is, however, no convincing evidence that albuterol decreases the admission rate in outpatients. 10 Some, [11] [12] [13] but not all, [14] [15] [16] small studies suggest that epinephrine may decrease admissions in outpatients. A Cochrane review of these studies was inconclusive, however, because of the small numbers overall. 17 For the largest study included in that review (comparing racemic albuterol and epinephrine in outpatients), the power to detect a change in admissions of 15% from 50% was 23%. Even if all the cases in that review had been combined in a single study, the power would have been 58%.
The inconclusive results obtained to date suggest that if there is a difference in disposition between racemic albuterol-and epinephrine-treated patients, it is modest. It seems likely that the most important factor predicting the need for admission will be the severity of the bronchiolitis. Without a severity assessment tool validated to predict the need for admission in bronchiolitis, unmeasured but uneven distribution of factors that influence disposition can confound a modest, yet important treatment effect.
The most commonly used tool for severity assessment is the respiratory distress assessment instrument (RDAI). It was originally described in an influential early study evaluating the effect of subcutaneous epinephrine in bronchiolitis. 12 The RDAI produces precise scores and is reliable among different users. Although subsequently validated in asthma, it has not been validated for predicting admission in bronchiolitis. 18 Despite being widely used, because the RDAI limits its assessment to the respiratory system, 12 applying it to infants with bronchiolitis is problematic. By failing to incorporate age it assigns a 3-week-old infant with wheezing a low score, but assigns a high score to an 11-month ''happy wheezer'' with audible wheeze and chest wall retractions. 12 It also does not address other clinical findings such as dehydration, which influence disposition in infants and toddlers.
Prior to undertaking this randomized controlled trial (RCT), we derived a severity-of-illness tool in bronchiolitis patients defining ''admission not needed,'' ''length of hospital stay up to and including the median,'' and ''length of hospital stay greater than the median,'' as ordinal outcome measures. During the derivation of this ordinal regression model, we found that age, dehydration, retraction severity, and tachycardia predicted the outcome. 19 We subsequently validated this model at a different children's hospital and measured its interrater reliability at a third site. 20 This ordinal regression model reflects the systemic consequences of bronchiolitis in addition to the respiratory component and measures a meaningful outcome. It is presented in Figure 1 .
The primary objective of this study was to compare the effect of nebulized racemic albuterol to nebulized racemic epinephrine on discharge rates among children presenting to the emergency department (ED) with bronchiolitis while adjusting for severity of illness. Our secondary objectives were to determine the effect of these bronchodilators in the subgroups of infants less than 12 months of age and those presenting for the first time.
METHODS

Study Design
We conducted a two-site double-blind RCT comparing nebulized racemic albuterol to nebulized racemic epinephrine. Both sites had institutional review board (IRB) approval for the study.
Study Setting and Population
The primary site was a county hospital ED with 53,000 attendances annually (23% children), serving a mixed urban, rural, and suburban population. The secondary site was a community teaching ED with an annual census of 80,000 (20% children). Both hospitals have university affiliations and emergency medicine residencies. The secondary site also has a pediatric residency program. Recruitment occurred from November 1, 2003, to May 1, 2006 , and from November 1, 2004, to May 1, 2006 , at the primary and secondary sites, respectively.
We defined bronchiolitis operationally as clinical evidence of lower airway obstruction (physical findings of wheezing and chest wall retractions) following an upper respiratory tract infection 21 in children up to the 18th month of life. There was no lower age limit. The adopted upper age cutoff represented a midpoint between the ranges of accepted age limit (12 or 24 months) for defining bronchiolitis. 4, 18, [21] [22] [23] We excluded children with bronchiolitis who required no treatment, those with illness so severe as to require immediate intubation, and those who received bronchodilators in the ED prior to screening. In our attempt to have broad inclusion criteria, we did not exclude patients with a history of prior episodes of wheezing, lung disease, or other comorbidity. Diagnosis was made by an attending physician or midlevel provider.
All patients with a diagnosis of bronchiolitis judged by the attending physician or physician assistant to require treatment were eligible to be enrolled. The treating physician screened and enrolled patients as they presented to the ED. Signed informed consent was obtained from a parent of all children enrolled.
Research assistants (RAs) assisted study investigators at the primary site. All clinicians and RAs received regular training reinforcement in study procedures throughout each bronchiolitis season. At the secondary site, patients were screened and enrolled on a convenience basis when a study attending physician or research nurse was available. 19 HR = heart rate.
Study Protocol
Patients were randomized in blocks of 50 to receive either three consecutive doses of nebulized racemic albuterol or a single dose of nebulized racemic epinephrine followed by two nebulized saline treatments. The large block size reduced the risk of allocation bias and physicians being able to guess the identity of the drug. Randomization was performed using a computer-generated random number series and was stratified per site. The pharmacist had sole access to this list and the codes were secured until the study was complete. The dose of racemic albuterol given was 0.625 mg for infants weighing less than 5 kg and 1.25 mg for those weighing 5 kg or more. The dose of racemic epinephrine was 11.25 mg (0.5 mL of 2.25% solution) regardless of weight. The hospital pharmacist prepared all of the drug packets. Each were identical and presented in sequentially numbered light-protective polythene packets containing three syringes with 0.5 mL of a clear liquid, three 2.5-mL saline vials, a study label, and a package insert with instructions to the user.
All patients received 2.5 mL of nebulized saline during the consent process prior to randomization. Both saline mist and study drugs were delivered using an oxygen-driven VixOne small-volume nebulizer (Westmed, Inc., Tucson, AZ) at 20-minute intervals. A flow rate of 7 L ⁄ min was used with wall-mounted oxygen switches and between 6 and 8 L ⁄ min with cylinder oxygen. Patients received either three nebulized racemic albuterol doses or one nebulized racemic epinephrine dose, followed by two saline nebulizers.
Data were collected prospectively using standardized forms to document history and physical exam. Data collected included age, history of prematurity, medical history including previous episodes of wheezing, use of albuterol or prednisone before arrival, and any family history of asthma. A nurse recorded the vital signs, including oxygen saturation, at triage, and a physician recorded physical examination findings. When available, RAs scribed the data form and assisted with the consent process.
Two hours following the administration of the first dose of the study drug, the treating physician could discharge, admit, or give additional bronchodilators. Patients in this last group were classified as having a prolonged ED stay. Admission criteria are given in Figure 2 , although physicians could override these criteria using clinical judgment. 24 Viral antigen testing, steroid use, and discharge medications were ordered according to the treating physician's preference.
Outcome Measurements
The primary outcome was ''successful discharge,'' defined as discharge following study drug administration, not requiring additional bronchodilators in the ED and not resulting in admission within 72 hours of discharge. Patients who were classified as having a prolonged ED stay were counted as admissions. Reattendance within 72 hours (at a clinic, doctor's office, or ED) that did not result in a hospital admission was considered a successful discharge. This outcome was chosen to ensure that the discharge was appropriate and not just temporarily deferred. We verified any further medical contact by reviewing hospital records, telephone follow-up, and checking county coroner's records to verify vital status where follow-up was unsuccessful.
Severity of Illness
Severity-of-illness assignment 20 was performed electronically after data collection was complete but before the randomization code was broken. The tool is complex ( Figure 1 ) and at present is designed for research rather than clinical use.
Data Analysis
We calculated a sample size required to provide 90% power (with two-sided alpha level of 0.05) based on admission rates of 33% for patients treated with racemic epinephrine and 50% for racemic albuterol. 11 We then rounded this simple sample estimate (n = 374) up to 500 as recommended by Long, 25 anticipating logistic regression as the method of analysis. An entire bronchiolitis season was used as the minimum unit of recruitment to avoid potential bias from recruiting for part of the season. There may be differences between children who present early or late in the season.
Analyses were performed on an ''intent-to-treat'' basis. We analyzed only the first enrollment of patients who were enrolled more than once during the study.
We modeled severity as categorical variables rather than as an ordinal variable. We created a fourth severity category, containing patients missing one or more of the variables needed to determine illness severity. Study site of enrollment was modeled as a categorical variable. Owing to the relatively common outcome, we estimated adjusted relative risks, (aRR), using modified Poisson regression as described by Zou, 26 rather than odds ratios. We present aRR with 95% confidence intervals (CIs) using successful discharge as the dependent variable and study drug, severity of illness, and study site as exposures. We also constructed other models to account for the patients with missing observations on the severity scale by using multiple imputations and by excluding these cases from the model. We also performed a Mantel-Haenszel simple stratified analysis, stratifying only for disease severity. Cases that met admission criteria at enrollment were included in the primary analysis. It was felt that if a significant proportion of these patients improved sufficiently to be discharged posttreatment, this would be an important finding. We excluded these in a sensitivity analysis. We also excluded the prolonged ED treatment group in a sensitivity analysis. We analyzed patients with recurrent wheezing and patients over 12 months of age both by excluding them and by constructing a model with categorical variables for these and other variables of potential interest. These sensitivity analyses used a Poisson model with stepwise backward selection to examine the effect of all the primary and secondary endpoints by including the variables: patients with recurrent wheezing, prematurity, age less than 2 months, steroid use, hypoxia, and a family history of asthma.
We performed double data entry using a customized Filemaker-Pro (Filemaker-Pro, Version 6, Santa Clara, CA) database. Statistical analysis was performed using Stata 9.2 (Release 10, Statacorp, College Station, TX).
RESULTS
A total of 721 patients were enrolled, 655 at one site and 66 at the other. Following the exclusion of those with eligibility violations or multiple enrollments, 703 were analyzed (Figure 3 ). The mean age of all patients enrolled was 6 months (median 4.8 months), 407 (58%) were male, and 610 (87%) were less than 12 months of age. Respiratory syncytial virus antigen was present in 313 of the 553 (57%) patients tested in the ED. The baseline characteristics are broadly similar and shown in Table 1 .
There were 352 patients in the racemic albuterol group and 351 patients in the racemic epinephrine group. Figure 4 shows the age distribution of patients by treatment group. Patient flow to their ultimate disposition is shown in Figure 5 . Bronchiolitis was classified as mild, moderate, and severe in 175, 419, and 47 children, respectively. The racemic albuterol group had significantly more (p = 0.007) moderately ill, but fewer mildly ill, patients compared to the racemic epinephrine group. Table 2 depicts the drug assignment and disposition of each severity-of-illness category. Patients were successfully discharged in 333 of 703 (47.4%) cases. Successful discharge decreased directly with severity of illness: moderate (aRR = 0.49, 95% CI = 0.42 to 0.57) and severe (aRR = 0.20, 95% CI = 0.10 to 0.39), compared with mild disease. The proportion of those successfully discharged in each treatment arm for each severity-of-illness category is shown in Figure 6 .
Admission rates at the primary site were 52% (331 ⁄ 640) and at the secondary site were 62% (39 ⁄ 63). There were marginally significantly fewer discharges in the secondary site (aRR = 0.76, 95% CI = 0.56 to 1.03). While discharge rates and outpatient treatment failures were higher at the primary site, the use of clinical judgment rather than other admission criteria, other patient characteristics, and steroid use were similar at both sites. Thirty-seven had a second ED visit within 3 days. Six were readmitted within 3 days of initial ED discharge in the racemic albuterol group and 10 patients in the racemic epinephrine group, all from the primary site. Forty-nine of 177 (27.7%) patients who met admission criteria at entry from the primary site were discharged, while all of those who met admission criteria at entry were admitted from the secondary site. Our primary outcome results include adjustment for site.
Crude analysis (not adjusting for severity of illness) showed no difference between groups (RR 1.08, 95% CI = 0.92 to 1.26). After stratification by severity of illness, patients who received racemic albuterol were significantly more likely than patients receiving racemic epinephrine to be successfully discharged (aRR = 1.18, 95% CI = 1.02 to 1.36). This result was the same using Poisson regression and Mantel-Haenszel stratified analysis. Excluding those in the ''prolonged ED treatment'' group did not change the treatment results (aRR = 1.16, 95% CI = 1.01 to 1.33) in Poisson regression. Racemic albuterol's advantage did not change in the sensitivity analysis controlling for potential confounders age less than 12 months, prematurity, hypoxia, and history of prior wheezing (aRR 1.18, 95% CI = 1.02 to 1.37) ( Table 3) .
A total of 187 patients met admission criteria at entry. Some of these were successfully discharged (see Table 2 ). Excluding those who met admission criteria on entry had little effect on the results (aRR 1.22, 95% CI = 1.04 to 1.43). Interrater reliability of the severity assessment tool (assessed only at the primary site) was substantial (j = 0.68). 27 
Incomplete Data
The data required to calculate the severity of illness were incomplete in 62 of 703 (8.8%) cases. Risk of discharge for this group was indistinguishable from the mild severity group (aRR = 0.89, 95% CI = 0.73 to 1.09). Neither excluding these cases nor using multiple imputations changed the results (analysis not shown).
Including only infants less than 12 months, using age less than 12 months as a categorical variable or excluding subjects aged less than 2 months did not change the significant advantage of racemic albuterol over racemic epinephrine. Patients with recurrent wheezing were slightly less likely to be admitted (Table 3) .
Adverse Effects
Tachycardia (defined by heart rate above the 97th percentile for age) was noted before treatment in 88 of 352 (25%) in the racemic albuterol group and 74 of 351 (21%) in the racemic epinephrine group. Posttreatment tachycardia was only noted in 52 (15%) in the former and in 42 (12%) in the latter (p = 0.32). Two patients ED = emergency department; HR = heart rate; IQR = interquartile range; RAD = reactive airway disease; RR = respiratory rate; RSV = respiratory syncytial virus; SaO 2 = oxygen saturation. developed perioral cold-induced urticaria. This resolved rapidly, and one received promethazine. Both were in the racemic epinephrine group and had used cylinder oxygen. One death in the racemic epinephrine group was reported within 30 days.
DISCUSSION
Our crude results did not show a difference between agents. When we adjusted for severity, we found a lower risk of admission with the use of nebulized racemic albuterol when compared to racemic epinephrine in children presenting to the ED with bronchiolitis. This was an unexpected result and contrasted with some, 11, 15, 28 although not all, [7] [8] [9] 16 existing studies. However, to the best of our knowledge, our study is the largest to date examining this question. Our results held true in all subgroups: hypoxia, age less than 12 months, prematurity, and a family history of asthma do not alter the advantage of racemic albuterol over racemic epinephrine in reducing admissions. Broad inclusion criteria helped ensure adequate sample size. Unlike many smaller studies, our sample represents the breadth of bronchiolitis seen in the ED each season.
One of the ironies of bronchiolitis research is that while bronchiolitis is agreed to be common, most studies of it are small. This is in part due to difficulties in defining the condition and distinguishing it from asthma. The term asthma is itself so broad and illdefined that at least one editorialist has called for the term to be classified as a symptom rather than a diagnosis. 29 Furthermore, it is doubtful if asthma should ever be diagnosed in the age group that we studied. Our definition of bronchiolitis is consistent with the often heterogeneous 28 definitions used by others. 21 We have also addressed elements seen in other definitions by both subgroup and multivariate analysis and consistently obtained results favoring racemic albuterol.
Comparing pretreatment groups by the probability of admission sets a substantially higher bar than simply Figure 6 . Summary of results. Successful discharge by severity of illness. Alb = albuterol; Epi = epinephrine. comparing the distribution of individual variables between treatment arms. The latter method can lead to the appearance of balance when in fact the preintervention probability of admission differs between groups. The former requires a validated tool to predict admission and an adjusted analysis in the event that groups are not balanced or much larger sample sizes to increase the probability of treatment group balance or subject pair matching at enrollment. From a practical standpoint, implementation of subject-pair matching would require an automated system deployed across several aggressively recruiting sites that allows rapid input of patient data, classifies severity of disease, and finds a matching case. Such a solution is clearly resource-intensive. We opted for simple enrollment and subsequent adjustment for disease severity using a validated tool, which was feasible and costeffective and minimized barriers to recruitment by treating clinicians.
Had we ignored severity of illness, or assumed equal pretreatment probability of discharge in each treatment arm, we would have erroneously concluded that there was no difference between the drugs. Our design addressed the limitation that two relatively large groups may have a similar distribution of potentially confounding variables overall in each group, but have different combinations of these confounders at the level of individual subjects.
Failure to address this can result in erroneous interpretation of RCTs, as has emerged when large trials were reanalyzed. 30 We had anticipated this possibility in the design stage and decided a priori to apply a severity-of-illness tool in our analysis to adjust for the effect of severity of illness on the probability of discharge within this sample. Thereafter, we evaluated the additional effect of the drugs on discharge risk. We consider this methodology to be a design strength compared with previous RCTs. 30 The choice of severity-of-illness tool is important. We used the National Children's Hospital (NCH) severityof-illness tool because it has been validated with respect to need for admission. The relative complexity of this tool precluded stratification prior to enrollment. The more widely used RDAI has been reported as having almost perfect agreement (j = 0.9) for the wheezing component and substantial agreement (j = 0.64) for the presence of retractions component in its original description. An overall kappa was not reported. 12 We and others have found worse agreement for auscultatory findings in infants, 21, 31 but that overall the reliability of our severity-of-illness tool (j = 0.68) was sufficient to permit its use. Previously employed severity-of-illness or clinical scores have not been validated to predict disposition in bronchiolitis, whereas the model we used has. 19 Our data show racemic albuterol leads to lower discharge rates in each severity-of-illness stratum (Figure 6 ), but that when these strata are combined there is no difference. The Yule-Simpson ''paradox'' describes just this situation, where the success of several subgroups may be reduced or even reversed when these subgroups are combined. 32 The conditions required for the ''paradox,'' namely, the combination of an imbalance in the proportion of each subgroup receiving each intervention and a different event rate in each subgroup, are present in our data. 33 This combination requires inclusion of this confounding variable in a multivariate regression analysis. 34 Almost identical results were obtained using Mantel-Haenszel stratified analyses.
Another difference between our study and others is that determination of disposition was at 2 hours following the initial nebulized treatment. This reflects the widespread clinical practice of observing patients following epinephrine, rather than immediately discharging them. Our observation period ensured that disposition was not prematurely decided based on initial improvement. Studies have shown a benefit in clinical scores in the initial 15-60 minutes for infants receiving epinephrine, 13, 35 but overall this benefit is short-lived. 17 This study, however, does not exclude a role for epinephrine. Further research is needed to address which subsequent agent should be used following inadequate response to albuterol or whether there is a synergistic effect to using both.
LIMITATIONS
The age cutoff for inclusion in this study was a compromise between the widely accepted definitions of less than 1 or 2 years of age. Reducing the upper age limit could reduce the enrollment of patients with recurrent wheezing and perhaps some of those who may subsequently develop asthma. We reanalyzed the sample population introducing age less than 12 months and first presentation as model variables. We also reanalyzed the sample after excluding patients over 12 months. In these alternative models, we continued to find results favoring racemic albuterol. Similarly, a history of recurrent wheezing or a family history of asthma did not change the treatment effects. Consequently, despite our broad inclusion criteria, our results likely hold across even the subsets of children presenting to the ED with bronchiolitis, subsets represented by some prior, more narrowly defined, but inconclusive studies.
The number of eligible patients not enrolled in the study was unknown, as the primary site IRB did not permit the collection of any information about patients either who were not enrolled due to refusal of consent or who had not been approached for consent. Anecdotal experience suggests that this number was small at the primary site. We were not able to determine the specific reason for admission, as we did not require physicians to specifically document this.
The relatively low sample size in the secondary site could be attributed to physician difference in diagnosing bronchiolitis or the availability of researchers. While it likely represents a convenience sample, the results of the secondary site paralleled those at the primary site. The numbers at the primary site, where the recruitment period was longer, were a reflection of the efforts of the investigators (who actively recruited patients from the waiting room), availability of RAs up to 16 hours a day, and widespread knowledge of the study throughout the community and the emergency medical services. At the secondary site, a research nurse was available 40 hours a week. We addressed this difference in site recruitment by including site as a variable in the model, where it approached statistical significance in its own right but did not alter albuterol's advantage.
Ideally, we would have performed stratified randomization, thereby avoiding the need for stratified or adjusted analysis. However, the severity-of-illness tool we used is complex and applying it at the randomization stage would have posed a significant barrier to recruitment. It could also introduce bias if an investigator was enrolling the patient and knew the severity score.
Potential Biases in Favor of Racemic Epinephrine
We accounted for missing data by creating a fourth severity-of-illness category, by excluding these cases, and by estimating their missing values using multiple imputation. 35, 36 In all cases, the treatment effects were essentially the same regardless of statistical strategy. Nonetheless, this is much less desirable than having completed data sheets. This is particularly the case as the number of incomplete data sheets was higher in the racemic epinephrine than the racemic albuterol group, potentially biasing the results. The nonsignificant aRR of the incomplete data group means that it cannot be distinguished from the mild group, potentially indicating more mild-type cases in the epinephrine group. Neither dropping these cases nor multiple imputations for these missing values changed our results. Some patients could have received more or less racemic albuterol than if we had dosed on a strictly milligram per kilogram fashion, and some may regard our doses as low. This could bias our results against albuterol.
Potential Biases in Favor of Racemic Albuterol
The last dose of active medication in the albuterol group was administered closer to the time that the disposition decision was made than in the racemic epinephrine group. This would bias the results against epinephrine assuming that racemic albuterol has an advantage over saline.
Using a single dose of racemic epinephrine, rather than three doses, reflects clinical practice. The dose of racemic epinephrine (11.25 mg regardless of weight; others have used 0.15 to 0.9 mg ⁄ kg) 15, 28 is comparable to that used for treating croup. This relatively high dosage minimized the potential disadvantage of using a single dose.
Potential Biases to the Null
All patients received saline mist during the consent process prior to randomization. If saline mist has a benefit, this would bias the study to the null. We used saline nebulizers following the racemic epinephrine treatment to maintain blinding. Again, any beneficial effect of saline would have biased the study to the null.
Racemic albuterol was prescribed equally among those discharged from each treatment arm. This would be expected to narrow the differences in unscheduled admissions between treatment groups following discharge and increase the likelihood of a Type 2 error.
We would have liked to control for discharge medications, but to achieve this would have required unanimous agreement from all the EPs, pediatricians, and family physicians serving the study site and would likely have prevented the study from proceeding. We found discharge medications to be similar between groups.
CONCLUSIONS
In children up to the 18th month of life presenting to the ED with a clinical diagnosis of bronchiolitis, racemic albuterol, rather than racemic epinephrine, should be the initial agent chosen, as doing so modestly increases the rate of successful discharge.
